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Inelastic neutron-scattering techniques have been used to study the low-energy phonon excitations in super-
conductingRNi,B,C (R=Lu, Y) to further characterize the anomalous features observed by Kaetealo
[Phys. Rev. Lett77, 4628(1996] for R=Y and Stassi®t al. [Phys. Rev. B55, R8678(1997] for R=Lu,
when these systems enter the superconducting ground state. We find thatTabineefrequencies of the
A 4[ £00] lowest-lying acoustic and optic phonon modes decrease with decreasing temperatgrelofs to
the nesting vectog,,. In addition there is a shift of intensity from the upper to the lower mode, an effect
characteristic of mode coupling. The observed intensity transfer between these moded§ abawebe de-
scribed satisfactorily in both compounds by a coupled-mode model. BEldhe observed spectrum changes
dramatically: it consists of a sharp peak at approximately 4 meV with a broad weak shoulder at higher
energies. The experimental results unambiguously show that this dramatic change is due to the onset of
superconductivity in these compounds. In this temperature region, the results are in qualitative agreement with
recent theoretical calculationsS0163-18208)04713-4

I. INTRODUCTION ordering of the rare-earth moments via the Ruderman-Kittel-
Kasuya-YosiddRKKY ) mechanism. The existence of such a

The physical properties of the rare-earth nickel boride carnesting suggests that strong Kohn anomalies should be ob-
bides (RNi,B,C, R=rare earth are of considerable served in the dispersion curves of these compounds for wave
interest!~ Their crystal structuréis body-centered tetrago- vectors close to,. In addition, electronic band-structure
nal (space group4/mmm), with a=3.5 A andc=3a, and calculations’~?° suggest that these materials are conven-
consists ofR-C layers separated by M, sheets. Many of tional superconductors with relatively high electronic density
these compounds are superconductors with relatively higbf states at the Fermi leveE-, and that there is a complex
superconducting temperatures. Among these superconduaet of bands crossingg that are strongly coupled to the
ors, the nonmagnetic Lu and Y compounds exRiBithe  phonons and may be responsible for the superconducting
highest superconducting temperatures, 16.5 K and 15.5 Kyroperties of these compounds. Therefore, it appears that this
respectively. Of particular interest is that in several of thesdamily of compounds is ideal for the study of the subtle
compoundgR=Tm, Ho, Er, and Dy superconductivity co- competition between lattice instabilities, superconductivity,
exists with magnetic ordér.’ and magnetic ordering.

To obtain some insight into the subtle interplay between Dervenagast al?! measured the low-lying phonon dis-
superconductivity and magnetism, the magnetic structures ¢ersion curves of the Lu compound@&16.5 K) along the
these compounds have been studied extensively by neutrgpo0] and[00£] symmetry directions and they found that the
and x-ray scattering techniques on both single crystal angtequencies of the lowest-lying modes négrdecrease with
powder specimerfs’ Of particular relevance to the present decreasing temperature and, as a result, the corresponding
study is that the superconducting BRefs. 10 and 1jland  branches exhibit strong dips in the vicinity of this point at
Ho (Refs. 12 and 18compounds as well as the nonsuper-low temperatures. A similar study in the isomorphous Y
conducting Tb(Ref. 14 and Gd(Ref. 15 compounds all compound was performed by Kawagbal ?? The softening
order in an incommensurate magnetic structure characterizédf these modes is so significant that it was observed in pho-
by a propagation vecta, = (&,,,0,0), with&,,=0.55 for all  hon density of states measurements by Goetiafl>* as well
of these compounds. This observation is particularly imporas in the point-contact spectra of these compounds by Yan-
tant, since band theoretical calculatihef the generalized sonet al? In addition Kawancet al?? performed a detailed
electronic susceptibility of LUNB,C show that there is study of the low-lying excitations in the Y compound as a
strong Fermi-surface nesting in this compound with a nestindunction of temperature and magnetic field. They observed a
vector close to&,,. These results indicate that there is adramatic change in the spectrum associated with the onset of
common Fermi-surface nesting in these compounds, charasuperconductivity that includes a sharp feature at approxi-
terized by a nesting vectdj,,, which is responsible for the mately 4 meV that they attributed to a “new” excitation.
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o eters most of the data were collected using a fixed final neu-

N e N tron energy of 14.7 meV. The HB1A constant incident en-
20 B . o e ergy spectrometer was mainly used to study the temperature
8,0 M dependencebetween 150 and 485 )Kof the low-lying
%’sw 3" - modes, in the vicinity ofz,, of the YNi,B,C compound.
) B S Most of the data were collected with a collimation of 40-40-
e - 40-80 minutes of arc in the standard positions on the spec-
. . B,(A) trometers.
O o os os oa o5 o6 o o1 0z o3 o1 o5 o IIl. EXPERIMENTAL RESULTS AND DISCUSSION

: : The phonon modes with frequencies below approximately

FIG. 1. Phonon dispersion of the two low-lyidg, acoustic(A) 40 meV were studied SyStemg}'caHy on the LMC com-

and optic(0) branches measured, at 300 K, along 60] direc- ~ Pound at room temperatufé”’ Less extensive measure-

tion for LUNi,B,O (left) and YNLB,C (right). The lines are used as Ments were also made on the Y compound. The measured

a guide to the eye. phonon frequencies were assigned to the various branches by
comparing the mqasured intensities with calculations based

This interesting observation led us to perform a systemati@n Bormn-von Kaman force-constant models. In the present

study of these excitations as a function of temperature on th&vestigation we studied in detail the temperature depen-

Lu and Y compounds. We already presented a brieflence of thg£00] acoustic and lowest-lying optic branches

accour®® of the results obtained in the experiments on theof LUNi;B,C and YNiB,C in the vicinity of the nesting

Lu compound. In this paper we present a more detailed actector &,, which is close to the zone-boundary point

count of these experiments as well as a comparison of the L&1[atr/a(1+a?/c?)] along this direction. By symmetry,

and Y compounds. the [£00] acoustic branch belongs td, representation.
Based on the analysis of the data using Born-vomniaa
Il EXPERIMENTAL DETAILS models, the lowest-lying optical branch along this direction

was also assigned to thA, representation. No other

The single crystals of LUNB,C and YNiB,C used inthe branches of the same symmetry are close to these two
present experiment were grown at the Ames laboratory byranches. These calculations show that for small wave vec-
the high-temperature flux technigue as describedors these branches are purely transverse with atomic dis-
elsewheré® The as-grown crystals are platelets with the placements parallel to the axis; the displacements for all
axis perpendicular to their flat surface. Since the size of th@toms in the acoustic modes are, of course, in phase, whereas
crystals is relatively smal{approximately 55x 0.5 mn?)  in the optic modes the motion of the Lu atoms is out of phase
for inelastic neutron scattering, most of the measurements onith that of the other atoms. For larger wave vectors the
LuNi,B,C were performed on a composite crystal, consistinglisplacements of the Lu and C atoms remain transverse but
of two crystals(mounted on a single holdepriented to  the Ni and B atoms develop a longitudinal component.
within 0.8°. Since the effect of the misorientation of the two  The temperature dependence of the two lowest-Iying
LuNi,B,C crystals is most pronounced fgrbetween 0.375 modes were studied by measurements in the Brillouin zones
and 0.425, where the abrupt decrease in the phonon frequegentered af0,0,8 and(1,0,7. Figure 1 shows the dispersion
cies occurgsee Fig. 1, Ref. 21 measurements in this region of the A, optic (O) and acousti¢A) modes in the Lu and Y
were performed with only one of the two Lui,C crystals. compounds at room temperature. The mass of Lu being
All measurements on YNB,C were performed on a single nearly twice as large as that of Y, the energies of the modes
crystal of this compound. are lower in LUNjB,C than in YNbB,C. For ¢é<¢,,, both

The measurements between 300 and 3.5 K were pemodes of the Lu compound are observed by measurements in
formed with the crystal placed in an He gas-filled aluminumthe (008) Brillouin zone, whereas in the Y compound the
can in a low-temperature refrigerator capable of regulatingpptical mode is more easily observed by measurements in the
the temperature in this region to within 0.1 K. The measure{107) Brillouin zone. Foré> ¢, the intensity of the acoustic
ments on the YNB,C compound were extended up to 485 and optical mode in the Lu and Y compounds, respectively,
K and for these measurements the crystal was mounted ina&re very weak, and this is indicated by dotted lines in Fig. 1.
high-temperature furnace. For all measurements on theda the vicinity of {=¢,,, measurements in th@08) zone on
compounds the crystal was mounted with {0&Q] crystal- the Y compound show, in addition to the acoustic mode, a
lographic direction perpendicular to the scattering plane. peak at approximately 14 meV that was also observed by

The neutron-scattering experiments were performed usinawanoet al?? and could be assigned to the optical branch
the variable incident neutron energy triple-axis spectrometerésee discussion below
H-7 and H-8 at Brookhaven National Laboratory’s high flux  Figure 2 shows the spectra of the interacting optic and
beam reactor and the constant incident neutron endgy  acoustic mode in the vicinity of,, at temperatures much
meV) HB1A triple-axis spectrometer at the Oak Ridge Na-higher thanT.. In the Y compound it is necessary to per-
tional Laboratory’s high flux isotope reactor. Pyrolitic graph- form measurements at temperatures higher than room tem-
ite (PG), reflecting from th€002) planes, was used as mono- perature in order to see clearly the mode interaction. At these
chromator and analyzer and a PG filter was used to eliminatBigh temperatures the optic modeigher frequency mode
higher-order contamination. On the H-7 and H-8 spectromin both compounds is more intense than the acoustic mode.
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FIG. 2. Temperature dependence of the phonon spectra in the FIG. 3. Measured and calculated phonon profiles for several
vicinity of &, in (a) the Lu and(b) Y compounds. The rightieft) ~ temperatures fofa) Q=(0.45,0,8) andb) Q=(0.45,0,8.4). The
panels were taken with energy gdinss. The lines are used as a calculations are based on the coupled-mode model described in the
guide to the eye. appendix.

As T decreases the energy of the modes decrease and therdqs £=0.4 along a direction{00]) that is perpendicular to
a transfer of intensity from the optic to the acoustic mode[§00]. For T>T, the model provides an adequate fit to the
For T< 150 K the two modes cannot be resolved and a broadata in both cases. In particular it reproduces the merging of
feature is observed in the Lu compound. In the Y compoundthe two peaks af =60 K for the (0.45,0,8 mode as well as
a small peak at approximately 14 meV can be seen at tenthe two distinct peaks observed(8t45,0,8.4 at all tempera-
peratures below 150 Ksee lowest panel of Fig(B)]. Aswe  tures aboyérc. Itis probably of some interest to notice that
mentioned earlier, this small peak was observed also by medPe drastic change in the spectra occurring at temperature
surements in th€008) zone in the present experiments asbelow T, (see belowcan be simulated in this simple model
well as those by Kawanet al?? The intensity of this peak at by @ change in the widthl{; 5) of the two interacting modes,
150 K is, however, approximately 60% lower than that ex-(this change being the largest fgr=0) as shown in the
pected from the intensity at 295 [see Fig. ?)]. We be- lowest panels of Fig. 3. We would like to emphasize that the
lieve that this peak is either the remnant of the optical modé&alculated curves in the lowest panels of Fig. 3 are not fits to
or belongs to the\ ; representation, a possibility indicated by the data, since beloW, no meaningful fits can be obtained
Born-von Kaman calculations. (because of the large number of parameters invo|vindy

The observed mode behavisibove T, both compounds is  Were obtained by making appropriate choices for the widths,
quite similar to that observed in materials with soft optic (I'12), so that these curves resemble the experimental pro-
modes interacting with acoustic modes of the same symmdiles. It should also be pointed out that even abdyethe
try. In the latter case their anticrossing behavior was formuactual situation is much more complicated than the coupled-
lated as a problem of mode coupling via anharmonicmode model, since the observed phonon anomalies in the Lu
forces?”? The scattered neutron intensity in the coupled-and Y compounds are due to the strong electron-phonon in-
mode problem is given by formuléAl) of the Appendix, teraction via the nesting of the Fermi surface. As a result, the
and the effect of mode coupling for two different coupling softening of these modes in the present case is mainly due to
constants is shown in Fig. 7. The first three top panels of Figthe sharpening of the Fermi-surface nesting feature as the
3 compare the spectra calculated using this simple moddemperature decreases. In addition, anharmonic effects may
(see Appendix with the observed spectra of Lu®,C at play some role as the compounds approdbht never
temperatures well abovE,. In these calculationésee for-  achieve a phase transformation at low temperatures.
mula (A1) of the Appendix the inelastic structure factors ~ As the temperature decreases beldw, a spectacular
(F1,) of the two modes and the coupling constéK} are change in the spectra is observed as was first reported by
kept constant and only the linewidthE {,I',) and frequen- Kawano et al?? for YNi,B,C and Stassisetal?® for
cies (Q,,(),) are adjusted to fit the experimental data. TheLuNi,B,C. Figure 4 shows our measurements on both com-
left panels compare the measured and calculated spectra @unds measured in the vicinity ®f and well belowT. In
(0.45,0,8 and the right panels those @.45,0,8.4 obtained the vicinity of T, the A, optical and acoustic modes cannot
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FIG. 4. Comparison of phonon profiles in YJB,C (top) and ’5 ) T +
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be resolved and only a relatively broad feature is observed © % g 1B 0% 04 045,05 055 08
(see Fig. 4 Well below T, the spectra are remarkably dif- @ ®

ferent. They consist of a sharp peak at approximately 4.5

meV with a weak shoulder at the higher energy side. Figure FIG. 5.(a) Temperature dependence of the FWHM, energy, and
5 illustrates the behavior of this sharp peak in LyByC as a  Peak intensity of the sharp lower peak obtained a0(475,0,8);
function of temperaturéFig. 5a] and & measured along (b) ¢ dependence of the FWHM, energy, and peak intensity of the
[£00] [Fig. 5(b)]. The width and position of this sharp peak 'OWer peak observed at 4 K.

remain practically unchanged beloW,, its intensity de-

creases with increasing temperature, and it is practically incal mode. Notice(Fig. 6) that between 300 ah4 K the
distinguishable from the background at a temperature clos@nergies of both modes decrease by almost a factor of 2. The
to T, [Fig. 5@)]. Although the full width at half maximum interpretation presented here is different from that proposed
(FWHM) of this peak remains practically unchanged for by Kawanoet al?? who associated the sharp peak observed
between 0.4 and 0.55, its intensity is maximum in the vicin-at low temperatures with a “new” phononlike excitation that
ity of £&=0.475[Fig. 5b)]. The energy of this sharp lower appears below.

mode is minimum at approximately this wave vectar ( The experimental results clearly show that the origin of
=0.475), and varies continuously with between 0.4 and the dramatic _change in the phonon spectra is the onset of
0.6 between the energies observedat0.4 and¢é=0.6 for superconductivity in these_ compounds._ One of the direct ef-
the A, acoustic branch. Figure 6 compares the dispersiofcts of the supercondugtmg gap opening is well understood
along the[00¢] direction of the sharp peak and weak shoul-@nd has been obser/8d’many years ago in superconduct-
der observed at low temperatur@ight panel with that of ~ iNg Nb and NBSn. A phonon mode with energy lower than
the A, modes at room temperatufieft pane). The energies the superconducting gap\Zannot decay by breaking Coo-

of the modes observed at 4(Kght pane) vary continuously ~Per pairs and therefore its .In‘e_tlme is mcreas(dadevy@th

with ¢, and as¢ increases the shoulder at the high-energyarrowing compared to its lifetime abové.. In addition,

side becomes more well defined and, as a result, the twBecause of the singularity ai=2A in the polarizability of
modes are clearly visibléFig. 3. In particular, the study of ~Superconducting electrons, there is a shift in the phonon fre-
the ¢ dependence of the phonon modes clearly demonstratéiiencies as well as a change in the phonon spectra as the
that the single unresolved peak obtained, after the merging éémperature is decreased beldw.3'=* Both the energy

the optical and acoustic modes, consists indeed of two phcshifts and the phonon shapes depend on the position of the
non modes down to temperatures closd {dsee third panel normal phonon frequency, with respect to the supercon-
from top of Fig. 3. From this continuity of the modes we ducting gap 2. It is interesting to note that for normal pho-
conclude that the sharp peak must be associated with theon frequencies close taAZ T) phonon shapes similar to the
acoustic mode and the barely visible shoulder with the optiones observed in the present experiment have been
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predicted®*2 Actually, recent calculations by Alleat al>3
yield phonon spectra almost identical to the Iow-temperaturc—a
spectra shown in Fig. 4.

The above theoretical approactes®are independent of
the phonon wave vector whereas in the present experimen
the anomalous phonon behavior is observed for phonon

wave vectors close to the nesting vecfgr. Recently, how-  q,cting gap*~2#More experimental and theoretical work is
ever, Kee and Varnt4found that the electronic polarizabil- necessary, however, to relate the observed temperature de-

ity for an extremum vector of the Fermi surfac_e exhibits apendence of the lowest-lying mode to the superconducting
pole for frequencies close taA2 For a phonon with normal properties of these compounds.

state frequency aboveA2this leads to a delta function at
slightly below 2A and a peak centered around the normal-
state phonon frequency. Their spedisae Fig. 2 of Ref. 34
when convoluted with the instrumental resolution are similar  The authors are grateful to Dr. C. Varma, Dr. P. Allen,
to those observed beloW, in the present experiments. The and Dr. S. K. Sinha for many stimulating discussions. Ames
frequency of the observed sharp peak, on the other handaboratory is operated by the U.S. Department of Energy by
does not follow the BCS temperature dependence of the suowa State University under Contract No. W-7405-Eng-82.
perconducting gap as the Kee-Varma thébpredicts. Also  The work at Brookhaven National Laboratory was supported
it should be pointed out that the theory assumes that thgy the Department of Energy, Division of Materials Sci-
opening of the superconducting gap does not affect appreci@nces, under Contract No. DE-AC02-76CH00016. Some of
bly the Fermi-surface nesting in these compounds as onghe experiments were performed at Oak Ridge National
would have expectedf. Laboratory, which is supported by the Department of En-
In summary, in both compounds we observe a case Oérgy, Division of Materials Sciences, under Contract No.
phonon softening of two branches, one acoustic and one ofPE-AC05-960R22464.
tic, which belong to the same representation and therefore
cannot cross by symmetry. Above the observed anticross- APPENDIX
ing behavior of these branches is similar to a coupled-mode
problem, and such a model gives a satisfactory explanation The temperature-dependent behavior of the phonon
of the observed phonon profiles. Beloly, the dramatic modes of two branches that cannot cross by symmetry can be
change in the observed spectra can be qualitatively undernodeled as a mode-coupling problem by attributing the ob-
stood in terms of the well-known linewidth narrowing and served temperature dependence to anharmonic forces. The
frequency shift associated with the opening of the supercormost convenient, for our purpose, formulation of the prob-

FIG. 7. (a) Calculated spectra for two modes with<(} in the
ncoupled caseN(=0) and with couplingh =10 showing transfer
of intensity from one mode to another with increased couplihy;
Calculated spectra for two modes with considerable spectral over-
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lem of two phonon modes interacting via anharmonic forces Figure Ta) shows the calculated spectra, at 300 K, of two
is that given by Harada and co-workéfayhich was used to coupled modes for the cage=0 (no coupling and\ = 10.
explain the asymmetric phonon profiles observed in ferroThe two modes were taken to be well separated in energy
electric BaTiQ. The intensity distribution for two interact- and with linewidths much smaller than their energies. The
ing modes, with frequencieQ,(), and widthsI'y,I";, is  inelastic structure factors were appropriately chosen in order
given, for neutron energy loss, by to make the intensities of the two modes almost equal in the
© absence of couplingh=0). As the coupling is turned on
I~[n(w)+1] —5—>=7 {[(Q%— wZ)B—FZA]Fi (A=10), there is considerable transfer of intensity from the
(A%0"B%) upper to the lower mode. Since such transfer of intensity
+20BF,Fy+[(Q2— w?)B—T,AJF2), (A1) between modes is observed fbr-T, in both the Y and Lu
compoundsFig. 2), it is clear that this simple coupled-mode
model can be used to simulate the behavior ofAhenodes
N2 22 2 2 aboveT.. Figure 3 shows that this is indeed the case.
A= (01093~ %) @ T4ly, Figure 1b) shows that, by choosing the energies and
B=F1(Q§—w2)+rz(ﬂf—w2). widths so that there i_s considerable.ov_erlappi_ng_ of the two
modes, one can obtain spectra qualitatively similar to those
In formula (A1), observed in both the Y and Lu compounds at temperatures
_ below T, (Fig. 4). The onset of superconductivity can there-
N(w)=[exp(o/kT) = 1], fore be simulated in this model by a change in the widths of
F,, are the structure factors of modes 1 and 2, arid the  the two interacting modes. Notice, however, that this change
coupling strength between the two modes. in the widths may be quite largesee Fig. 3.

where
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